Thus, high purities of tantalum materials are very essential to avoid any problems in such devices, due to impurity elements at the ultratrace level. In an analysis of tantalum materials reported previously, graphite furnace atomic absorption spectrometry (GFAAS), 3, 4 inductively coupled plasma atomic emission spectrometry (ICP-AES), [5] [6] [7] [8] [9] and fluorescence spectrometry 6 were used with or without any sample pretreatment by cation/anion exchange or solvent extraction.
In these methods, however, the determination of analyte elements at the ng/g level could not be performed on the multielement basis. In general, glow discharge mass spectrometry (GDMS) as well as neutron activation analysis (NAA) provide the detection limit at the ng/g level for many elements. 9 Even so, GDMS cannot be applied to non-conducting materials such as tantalum(V) oxide or tantalum pentaethoxide, and NAA needs a nuclear reactor for neutron flux to irradiate the samples. 10, 11 Since increased demands of highly-purified tantalum materials are expected in the future, the development of analytical methods for the determination of impurity elements below the ng/g level is really required in the semiconductor industry.
ICP-MS (inductively coupled plasma mass spectrometry) provides excellent analytical features such as high sensitivities for many elements, wide linear dynamic ranges, and simultaneous multielement detection capability. Actually, ICP-MS is widely used for the determination of trace impurities in various chemicals, metals, and semiconductor materials of high purity grade. 13 Thus, the multielement determination of ultratrace impurities, as many as possible, in tantalum materials by ICP-MS was tried in the present experiment.
Previously, we reported a method for the multielement determination of impurities in tantalum metals using an on-line cation exchange matrix separation/ICP-MS system. 14 In the experiment, 16 elements (Li, Na, Mg, Mn, Co, Cu, Zn, Ga, Rb, Sr, Cd, In, Ba, Tl, Pb, and Bi) in tantalum metals could be determined at the ng/g level. However, the elements such as Al, Nb, Mo, and W, which may be the source elements for device failures, could not be determined by the previous method using the cation exchange resin, because these elements were not separated from tantalum matrix due to the formation of anion complexes. 15, 16 The aim of the present paper is to explore a method for the determination of impurity elements at the ng/g level, which could not be determined by the previous cation exchange method. In order to minimize any matrix effects due to major elements in the samples, a flow injection system with an anion exchange column was employed for on-line matrix separation. As a result, 11 elements (Be, Al, Ti, Cr, Ni, Nb, Mo, Sn, W, Th, and U) in tantalum materials could be determined at the ng/g level or below.
Experimental

Instrumentation
A schematic diagram of the flow injection/ICP-MS combined system is shown in Fig. 1 . This system was installed in a class-1000 clean room. Ultratrace metal impurities (Be, Al, Ti, Cr, Ni, Nb, Mo, Sn, W, Th, and U) in high purity tantalum metal, tantalum(V) oxide, and tantalum pentaethoxide were determined by a combined system of flow injection with an anion exchange column and inductively coupled plasma mass spectrometry (ICP-MS). In the present combined system, the on-line matrix separation and multielement determination of impurity elements could be performed. When 2 M HCl/0.1 M HF mixed solution and 1 M HNO3/0.1 M HF mixed solution were used as the carrier solutions, Be, Al, and Ti for the former, and Cr, Ni, Nb, Mo, Sn, W, Th, and U for the latter were eluted from the column without any tantalum matrix. The detection limits (3σ) of analyte elements were in the range over 0.003 -0.14 ng/ml as the sample solution basis. The present method was applied to the determination of metal impurities in high purity tantalum materials. The concentrations of Be, Ti, Mo, Sn, Th, and U were at the ng/g level, while those of other elements were in the range over the µg/g -ng/g level. An ICP-MS instrument (Model SPQ 8000, Seiko Instruments Co., Chiba, Japan) equipped with a cross flow nebulizer was used for the determination of impurity elements. Since HF used for sample digestion remained in the final analysis solution, a cross flow nebulizer made of platinum was used for the sample introduction system, together with a Teflon ® spray chamber and a plasma torch of an α-alumina inner tube. The nebulizer and the anion exchange column was connected via Teflon ® tubing. The operating conditions of the ICP-MS instrument are shown in Table 1 . The ICP-MS measurement was performed in the peak hopping mode for the selected elements for quantitative analysis.
Chemicals
Ultrapure water (specific resistance above 18.0 MΩ cm) prepared by a Milli-Q SP TOC purification system (Nihon Millipore Kogyo Ltd., Tokyo, Japan) was used throughout the present experiment. Nitric acid (68%, 15 M), HCl (30%, 9.5 M), and HF(38%, 22 M) of high purity grade (TAMAPURE AA-100, Tama Chemicals Ltd., Kanagawa, Japan) were used to digest the samples and to prepare the carrier solutions. Ammonium nitrate and NH4Cl of analytical grade (Kanto Chemicals Co., Tokyo, Japan) were used to prepare a 3 M NH4NO3/3 M HNO3 mixed solution and a 3 M NH4Cl/3 M HCl mixed solution. In the case of the 3 M NH4NO3/3 M HNO3 mixed solution, 120 g of NH4NO3 and 100 ml of 15 M HNO3 were dissolved and diluted to 500 ml with water. The 3 M NH4Cl/3 M HCl mixed solution was prepared by dissolving 80 g of NH4Cl and 170 ml of 9.5 M HCl in water.
A multielement stock solution (1 µg/ml of each element) was prepared by mixing single-element stock solutions (1 mg/ml each) for atomic absorption spectrometry (Kanto Chemicals Co.). Working standard solutions were further prepared by diluting the above-mentioned multielement stock solution with a 1 M HNO3/1M HF mixed solution. Tantalum metal (99.9% in plate, 0.3×100×200 mm), purchased from Soekawa Rikagaku Co. (Tokyo, Japan), was digested with HF and HNO3. The digested solution of tantalum was used to optimize the elution conditions of the analyte elements and the recovery test.
Preparation of tantalum sample solutions
In the present experiment, 10% tantalum solutions were prepared from different tantalum materials by the following ways:
(i) Tantalum metal: Three grams of tantalum metal and 14 ml of 11 M HF were taken in a 200 ml-volume PTFE beaker. Then, 3 ml of 15 M HNO3 was added drop by drop so as to prevent a rapid reaction; if necessary, the beaker was heated on a hot plate at 150˚C to decompose the sample completely. After cooling the beaker to room temperature, the solution was further diluted to 30 ml with ultrapure water.
(ii) Tantalum(V) oxide: A PTFE decomposition bomb was used for sample digestion. First, 2 g of tantalum(V) oxide, 7 ml of 21 M HF, and 1 ml of 15 M HNO3 were taken in a 20 mlvolume PTFE vessel with a screw cap. Then, the vessel was set in a stainless-steel jacket and heated at 150˚C for 6 h in an oven.
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(iii) Tantalum pentaethoxide: After 25 ml of 11 M HF and 1 ml of 15 M HNO3 were taken in a 200 ml-volume PTFE beaker, 6 g of tantalum pentaethoxide was added and heated on a hot plate at 150˚C. The residual solution was further heated to ca. 10 ml by evaporating any generated ethanol. After cooling the solution, the digested sample was diluted to 27 ml with ultrapure water.
Sample solutions prepared as mentioned above contained large amounts of HF. Thus, it is considered that most of the tantalum was in the form of anionic fluoro-complex (TaF7 2-), which may be strongly adsorbed on the anion exchange resin. 15, 17 
Determination of impurities by the flow injection/ICP-MS system
A digested sample solution was introduced into a carrier stream through the sample loop of injection valve V1 (Fig. 1) to pass through the anion exchange resin column at a flow rate of 2.0 ml/min. In this procedure, only the analyte elements were expected to elute from the anion exchange resin column, because of the strong adsorption of tantalum (TaF7 2-) on the resin; however, tantalum at a concentration level of ca. 5 -30 µg/ml was eluted together with the analyte elements.
The signal profiles for Ni, Cr, and Sn observed by the present flow injection/ICP-MS system are shown in Fig. 2 . Therefore, m/z of 53 was selected for Cr because the signal-to-background (s/b) ratio was better at m/z of 53 than at 52. In data acquisition of the present measurement system, the maximum number of elements and the longest measuring time in each operation were 10 and 99 s, respectively, due to instrumental limitation. Actually, 5 kinds of elements were determined simultaneously with a dwell time of 30 ms for each element. The integration time ranges for the transient signals in the peak area integration method are also given in Table 2 , which were chosen, taking into consideration the elution characteristics of the analyte elements.
After an ICP-MS measurement, a 3 M NH4NO3/3 M HNO3 mixed solution or a 3 M NH4Cl/3 M HCl mixed solution was passed through the anion exchange column for 10 min for cleaning by changing the valve position of the switching valve (V2). The switching valve V3 was also changed at the same time to prevent from introducing the eluted tantalum into ICP-MS. After cleaning, the switching valve V2 was changed at the valve position so as to make the carrier solution flow into the anion exchange column for 5 min. Then, valve V3 was reset for the next determination.
Results and Discussion
Optimization of elution conditions of analyte elements
According to JIS H1689 (1976), 18 Nb is eluted from a strongly basic anion exchange resin, while Ta is strongly adsorbed on it, when the HCl/HF or HNO3/HF mixed solution is used as the 71 ANALYTICAL SCIENCES JANUARY 2000, VOL. 16 carrier solution. Therefore, the compositions of the carrier solutions were examined by varying the HNO3 and HCl concentrations in 0.1 M HF as well as their flow rates to find the optimum conditions for the determination of impurity elements by the flow injection/ICP-MS system. The 10% tantalum solution, which contained 0.5 µg/ml each of Be, Al, Ti, Cr, Ni, Mo, Sn, Th, and U, and 1.3 µg/ml each of Nb and W, was used as a test solution. This test solution was introduced into the carrier stream through a sample loop (120 µl volume) of the injection valve to pass through the anion exchange resin. Then, the eluted fractions were collected every 20 s, and the concentrations of the analyte elements (ng/ml level) and tantalum (µg/ml level) in each fraction were determined by ICP-MS and ICP-AES, respectively. In these experiments, mixed solutions of HNO3/HF or those of HCl/HF were examined as the carrier solutions at the flow rates of 1.5, 2.0, 2.5, and 3.0 ml/min. Here, the HF concentration was fixed at 0.1 M, because the higher HF concentration deteriorated the elution of Be, Al, Nb, Mo, Sn, and W from the column.
The elution characteristics of Al, Nb, Th, and U are shown in The elution percentage is defined here as the ratio (%) of the amount of analyte element eluted for 100 s to its total amount in the injected test solution. The elution percentages for Al and Th were more than 95% for both of the carrier solutions. The results for Be, Cr, and Ni were similar to those of Al and Th. The elution percentage of U was above 95% at any HNO3 concentration and flow rate, but was smaller at the higher concentrations of HCl (94% in 1 M HCl, 86% in 2 M HCl, and 76% in 3 M HCl) in the carrier solution. In the case of Nb, the better elution percentage was obtained at the higher HCl and HNO3 concentrations in both of the carrier solutions, although it was poorer in HCl than in HNO3. In addition, the better elution percentage of Nb was also obtained at the faster flow rate, although it took more than 5 min for complete elution. Similar behaviors were observed for Ti, Mo, Sn, and W. Figure 5 shows the tantalum concentration eluted together with analyte elements, where HCl/HF and HNO3/HF mixed solutions with different HCl and HNO3 concentrations were used as the carrier solution at different flow rates. It can be seen in Fig. 5 that the concentration of tantalum was higher with higher concentrations of HCl and HNO3 at faster flow rates. Furthermore, the tantalum concentrations were significantly higher in the HNO3/HF mixed carrier solution than those in the HCl/HF mixed carrier solution.
Since high concentrations of tantalum might influence the analytical results for impurity elements determined by ICP-MS, the effect of tantalum on the ICP-MS signal intensities of analyte elements was further examined. The results for Be, Nb, and W are shown in Fig. 6 , as typical examples. The higher tantalum concentration resulted in the poorer signal intensities for both of the carrier solutions. From the results in Fig. 6 , the upper limit of tantalum concentration, which did not affect the intensity, was ca. 5 µg/ml in the HCl/HF mixed solution. When the tantalum concentration eluted together with analyte elements was ca. 5 µg/ml, the HCl/HF mixed carrier solution was suitable for the determination of Be, Al, and Ti. When the HNO3/HF mixed solution was used as the carrier solution, the NO2 + molecular ions produced in the plasma gave the noisy background at m/z of 46 -48. Therefore, the HCl/HF mixed 72 ANALYTICAL SCIENCES JANUARY 2000, VOL. 16 carrier solution was especially preferable in the determination of Ti at m/z of 48.
The elution percentages of Cr, Ni, Nb, Mo, Sn, W, Th, and U were larger in the HNO3/HF carrier solution than those in the HCl/HF carrier solution, although the tantalum concentration eluted together with analyte elements was higher in the former. However, the upper limit of the tantalum concentration was allowed up to ca. 30 µg/ml for these elements. Therefore, the HNO3/HF carrier solution was used in the determination of Cr, Ni, Nb, Mo, Sn, W, Th, and U.
The effects of the HCl and HNO3 concentration in the carrier solution on the ICP-MS signal intensities of Be, Nb, and W are shown in Fig. 7 . As can be seen in Fig. 7 , the signal intensities for Nb and W became significantly smaller at the higher HCl concentrations, while they were slightly depressed at the higher HNO3 concentrations of the HNO3/HF carrier solution.
From the experimental results described above, the 2 M HCl/ 0.1 M HF mixed solution and the 1 M HNO3/0.1 M HF mixed solution were employed as the carrier solution for the determination of Be, Al, and Ti, and for other elements, respectively. The flow rate of the carrier solution was adjusted at 2.0 ml/min in both cases.
Analytical figures of merit
The detection limits obtained by the present flow injection/ICP-MS system are summarized in Table 3 . In estimating the detection limits, a 1 M HNO3/1 M HF mixed solution was used as a blank solution, and the same experimental procedure as that described in the experimental section was performed to obtain the blank signal intensity by the peak area integration method. The detection limits were estimated as the analyte concentration corresponding to 3-times the standard deviation (3σ) of the blank signal intensities, which was calculated from replicate measurement data (n=11) at the m/z of each element. Thus obtained detection limits were in the range over 0.003 -0.14 ng/ml on the sample solution basis.
A calibration curve for each element was made by injecting a blank solution and the standard solutions of 2.5 and 5.0 ng/ml of each element, respectively. The calibration curves obtained for all elements were linear in a concentration range over 3 -4 orders of magnitude.
The recovery of each analyte element after column separation was estimated in order to evaluate the matrix effect due to tantalum, where a 10% tantalum solution containing 1.0 or 2.5 ng/ml of each analyte element was used as a test solution. The results are given in the last column of Table 3 . The recoveries of the analyte elements examined were more than 94%, which were good enough to determine the elements of interest by the present flow injection/ICP-MS system.
Determination of impurity elements in tantalum materials
Commercially available tantalum materials, such as tantalum metals, tantalum(V) oxide, and tantalum pentaethoxide, were analyzed by the present flow injection/ICP-MS system. In the analyses, a blank solution and the standard solutions of 2.5 and 5.0 ng/ml of each element were sequentially injected for standardization, and then the 10% tantalum sample solutions were injected for the determination of impurity elements. In addition, restandardization of each element was carried out at every 6 determination procedures by injecting the blank solution and a 5.0 ng/ml standard solution of each element. When the concentrations of the analyte elements in the tantalum sample solutions exceeded the calibration range, the sample solutions were further diluted in order to determine them in the calibration range.
Owing to a lack of certified reference materials of tantalum metals and its compounds, the analytical results obtained by the flow injection/ICP-MS system were compared to those by the conventional ICP-MS method, where the sample solutions were diluted to 0.01% of tantalum. In the conventional ICP-MS method, the standard addition method was employed to compensate the matrix effect. The analytical results obtained by both methods are summarized in Table 4 , where the values in parentheses were obtained by the conventional ICP-MS method. In Table 4 , some elements are shown as the value below the lower determination limits, which were estimated as the analyte concentration corresponding to 10-times the standard deviation (10σ) of the blank signal intensities obtained in a similar manner to estimate the detection limits. As can be seen in Table  4 , the analytical values obtained by the present flow injection/ICP-MS system are in fairly good agreement with those by the conventional ICP-MS method, when the analytical values were obtained by both methods. In most cases, the relative standard deviations for analytical values (n=3) were within 10%.
The concentrations of impurity elements such as Be, Al, Ti, Cr, Ni, Nb, Mo, Sn, W, Th, and U in high purity tantalum materials were newly determined by the present flow injection/ICP-MS system using the anion exchange resin column for on-line matrix separation, although the concentra-73 ANALYTICAL SCIENCES JANUARY 2000, VOL. 16 tions of Be in all samples were below the lower determination limit. The concentrations of Ti, Sn, Th, and U in tantalum materials examined were extremely low at the ng/g level.
The present flow injection/ICP-MS system with the anion exchange resin column allowed us to directly inject a 10% tantalum solution, while the sample solution should be diluted to 0.01% of tantalum in the conventional ICP-MS method. Thus, the lower detection limits of analyte elements could be obtained by the present flow injection/ICP-MS method, compared to the conventional ICP-MS method. As a result, Al, Sn, Th, and U at the ng/g level could be determined by the present method.
It is concluded that the present flow injection/ICP-MS method using the anion exchange resin column, as well as the previous method using the cation exchange column, is also suitable for the determination of impurity elements in high purity tantalum materials.
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